Compositional analysis of aluminium oxy-nitride (AlON) films deposited by reactive magnetron sputtering was performed using time-of-flight elastic recoil detection analysis (ToF-ERDA) and X-ray photoelectron spectroscopy (XPS) with sputter profiling. The composition profiles of the films depend on deposition conditions. The benefits of the different analytical methods are discussed and comparison of the profiles is performed. Conversion of the depth scale from XPS sputter time to a nm scale is implemented and the ToF-ERDA profile fitted. Densities of the deposited AlON films are calculated indicating differing film quality in agreement with the composition profile extracted.
Introduction
For future integrated capacitor structures, advanced new materials with a high dielectric constant (high k) and low leakage are needed. One promising material is Aluminium oxy-nitride (AlON) [1] [2] [3] [4] [5] . The thin AlON films studied in the present work were grown by reactive dc magnetron sputtering, using oxygen and nitrogen as precursor gases. The flow of these gases determines the film composition, although the relationship between flow and stoichiometry is highly nonlinear. Due to this complex processing behaviour, careful analysis of the stoichiometry of the deposited films is required. Furthermore the functionality of the films also depends both on the stoichiometry and the impurity levels, making an exact chemical analysis even more important. The composition of 200-400 nm thick AlON films were analyzed with two completely different techniques. We present here elemental depth profiles obtained by X-ray photoelectron spectroscopy (XPS) in combination with sputter sectioning and time-of-flight elastic recoil detection analysis (ToF-ERDA). By both kinds of measurements a variation in film composition through the whole film thickness was revealed. The ERDA measurements were used to calibrate the data obtained by XPS depth profiling although the results for the two analytical methods were closely matched prior to calibration. The methodology of the analytic techniques and both their individual and complementary benefits are discussed.
Experimental
As a supporting substrate (100) oriented low resistive (<10 Ω cm) 4-inch Si wafers were used. After cleaning the substrate, a few hundred nm thick AlON films are deposited by reactive sputtering in a nitrogen/oxygen atmosphere using a Von Ardenne reactive balanced magnetron sputter deposition system operated in a pulsed direct current (DC) mode. A base pressure of < 5.10 -8 Torr is achieved prior to deposition. The deposition of the AlON films was made without external heating [6] . An aluminium (Al) cap of 50 nm was deposited onto sample I without breaking vacuum. Elemental depth profiling was done with Time-of-Flight elastic recoil detection analysis using a 40 MeV 127 I 9+ ion beam. The incoming ion beam and outgoing recoils impinged/exited at 67.5° to the sample surface normal, respectively, giving a recoil angle of 45° A detailed description of the experimental set-up has been given elsewhere [7] . The time-of-flight and the energy signals for each recoil were recorded and the recoil energy of each element was converted to elemental depth profiles using the CONTES code [8] . In addition the samples were analysed with X-ray photoelectron spectroscopy (XPS) in combination with sputter depth profiling using a PHI Quantum 2000 instrument with monochromatised Al K alpha radiation. The O 1s, N 1s, Al 2p, Si 2p and C 1s peaks were used to monitor the relative atomic contents using the peak area to extract the relative concentration with sensitivity factors supplied. The pass energy used for the elemental surveys is 23.5 eV and the resolution of the instrument +/-0.1 eV. The X-ray spot size in the XPS was 100 μm diameter. The sputtering was performed with a 4.0 keV Ar + beam, raster size 1x1 mm 2 . Film thickness was measured using a LEO 1550 FEG scanning electron microscope (SEM).
Results and Discussion
The deposited films studied here, indicated as sample I and II, have a columnar structure, as seen in figure 1 , with thicknesses of 450 nm and 240 nm, respectively. However neither film shows any strong crystallographic orientation, as seen by X-ray diffraction measurements in figure 2 (a). This could be indicative of the films having an amorphous structure or could in part be due to the influence of the film thickness on the X-ray diffraction measurements. No Al planes with strong intensities can be seen for sample I which has an Al cap of 50 nm. Chemical analysis of the films can be performed through XPS measurements and the Al 2 O 3 peak is clearly seen separate from the aluminium peak at different depths within the film for sample I, figure 2 (b). Over neutralisation of the film, due to the flood gun, can be seen after 0.5 minutes as a shift in the spectrum to lower binding energies. Only the aluminium peak is observed within the AlON film for sample II with no shift in the binding energy for any of the elements It is possible to see the nitrogen/oxygen ratio in the deposited films, with both ToF-ERDA and XPS. The film composition can be seen in figure 3 . For sample I, it can be seen that the analysis methodologies, ToF-ERDA and XPS (a) and (b) respectively, have good agreement on both the film composition and variation. The oxygen content reduces from over 50% to around 30% whilst nitrogen increases from below 10% to around 30% with both methods. Results for sample II, figure 3 (d), are in good agreement for a film with a low 5% oxygen content and constant film composition. With ToF-ERDA the elemental profile between the aluminium cap and AlON film underneath can be seen more clearly than via sputter profiling. The XPS depth profiling is limited to the minimum sputter times which here sputter the thin aluminium cap away quickly, although the sputter gun power can be reduced and sputter area increased to obtain enhanced depth resolution. Detection of low concentrations is performed with ToF-ERDA with much greater sensitivity as seen in figure 3 comparing (a) and (b) . This is especially useful in discerning contaminants as in this case where argon and hydrogen are detected with ToF-ERDA but not XPS. Trace elements can also be detected using ToF-ERDA but not with XPS. Carbon contamination is also seen deeper into the deposited films, even in the AlON film itself. The carbon contamination, at the surface, is significantly greater for sample I which could be due to carbon induced by the ERDA beam. This carbon deposition would be due to the higher porosity of the film. Through comparison to ToF-ERDA measurements it can be discerned that there is no preferential sputtering during XPS depth profiling and there is possibility to calculate or confirm XPS sensitivity factors from ToF-ERDA measurements. Here the good agreement confirms the sensitivity factors used in the XPS analysis. Conversion of depth profiles, for both ToF-ERDA and XPS, into a nm depth scale using film thickness obtained with SEM micrographs of film cross section has been performed, figure 3 (c) and (d) for samples I and II respectively. Using this method of comparison between the films it is then possible to rescale the XPS depth axis to take into account the different densities of the differing film layers. This improves agreement between the methodologies for material changes between layers as seen, in figure  3 (c), for the aluminium cap for sample I. Subsequent density calculations of the deposited films can be obtained from these results. Results from sample I indicate an aluminium density of 2.69 g cm -3 and AlON density of 2.43 g cm -3 . For sample II an AlON density of 3.27 g cm -3 is obtained. Known densities for Al, AlN and Al 2 O 3 are 2.7, 3.255 and 4.0 g cm -3 respectively [9] . The poor density of sample I could be indicative of high porosity of the film as mentioned earlier. The AlON film of sample II would seem to be close to the density for AlN, as expected for a low oxygen content. Capacitive structures were fabricated on the deposited films. Using the simple parallel plate capacitor equation and the capacitance at accumulation we obtain a dielectric constant of 7 and 9 for the relative dielectric thicknesses of samples I and II. This confirms the poor film quality of sample I and indicates the high and varying concentration of oxygen in the film has changed its material properties.
Conclusion
Both film composition analysis methods investigated here are able to independently verify each other. Results from either method can be used to investigate film composition although there are particular advantages for each. Low impurity levels can be detected and density calculated through the use of ToF-ERDA whilst XPS has the ability to distinguish between differing binding states and is generally more available. Combination of both techniques during the initial studies of new materials would be a powerful tool for film analysis. Sensitivity factors for XPS are also obtainable thus eliminating the need for obtaining a known reference sample. Analysis of sputter yield ratio's obtained through XPS sputter profiling and through simulations are currently in progress.
